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THE ATMOSPHERE OF MARS ANALYZED BY INTEGRAL INVERSION
OF THE MARINER 1V OCCULTATION DATA

Gunnar Fjeldbo and Von R, Eshleman

Center for Radar Astronomy, Stanford University, Stanford, California

Abstract - The aim of this paper is to present results of a detailed
analysis of the Mariner IV radio occultation data, using the data as
directly as possible with a minimum number of assumptions and inter-
pretations, Integral inversion of the basic measurements is used to
obtain height profiles of refractivity over the immersion and emersion
points on Mars, For the upper atmosphere this yields directly the iono-
spheric profile, from which a profile representing plasma temperature
divided by mean molecular mass is derived assuming either diffusive or
photoionization equilibrium conditions. Molecular number density, tem-
perature, and pressure profiles for the lower atmosphere are derived for
two constituent models assuming only mixed, non-polar molecules in hydro-
static equilibrium, It is believed that rather high precision has been
obtained for conditions at the immersion point, but that the emersion
results are less precise due to a change in the mode of operation of

the radio system,
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1. INTRODUCTION

The initial analyses of the Mariner IV occultation data were
based primarily on model fitting; i,e., the parameters of an assumed
model for the atmosphere refractivity profile were adjusted so as to
minimize the differences between the computed and the measured radio
phase changes [Kliore et al, 1965]. (The refractivity N of a
medium is defined as (n-1) 106, where n is the refractive index.’
The model fitting approach becomes impractical, however, if one wants
to utilize the data to study the finer structure of the atmosphere.
Under these circumstances, the fitting technique requires the use of
so many variable parameters that it is easier to invert the integral
equation relating the radio phase measurements to the atmospheric
refractivity profile (Fjeldbo and Eshleman, 1965). The refractivity
profile obtained from inversion can be considered the ideal model
fit with standard deviation (or goodness) of fit equal to zero.

We have now completed a more detailed study of both the phase and
amplitude data provided by Mariner IV, and have utilized integral
inversion to calculate the atmospheric refractivity as a function
of height at both occultation immersion and emersion, This work is
summarized in Sec, 2. In Secs. 3 and 4, we use the measured refrac-
tivity profiles to derive molecular number density, temperature, and
pressure profiles for the lower atmosphere, and electron number density

and plasma temperature profiles for the upper atmosphere,.
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2. THE MARINER-MARS REFRACTIVITY PROFILES

Reception at the NASA Deep Space Network of the tracking and
telemetry signal from the Mariner IV spacecraft provided the basic
data, Before describing the analysis of the dat#, we shall briefly
review the measurements, (A more complete description of the instru-
mentation has been given by G. S. Levy et al, 1966, )

The geometry of the experiment is illustrated in Fig. 1. During
immersion, the radio receiver on the spacecraft was phase-locked to
the 2.1 Gc/sec uplink signal transmitted from Station 11 at Goldstone,
California, The received signal was coherently translated to approx-
imately 2.3 Gc/sec and transmitted back to earth where it was received
at Stations 11 and 12 at Goldstone, and at two stations in Australia.
In order to provide precise doppler measurements at Station 11, the
received "downlink'" signal was compared with the same rubidium fre-
quency source as was used in the transmission., Similar frequency
standards were employed at the other receiving terminals,

A different experimental configuration prevailed at emersion.

At this time, the spacecraft transmitter derived its signal from a
local oscillator which is less stable than the frequency standards

on the earth., An attempt was made to lock up the spacecraft trans-
ponder to the uplink signal so that two-way doppler could be obtained
instantly upon emersion, However, after end of occultation of the
downlink signal, approximately 7.5 seconds of time elapsed before

the spacecraft transponder went into lock., This unfortunate delay
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FIG. 1. OCCULTATION GEOMETRY. Immersion and emersion occurred 25,500 km
and 39,200 km behind the Martian limb, respectively. The magnitude of
the radial velocity (drs/dt) was about 2 km/sec during occultation.
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leaves an ambiguity in the first 7.5 sec of the emersion doppler
data because the frequency of the spacecraft's local oscillator is
not known with precision,

All the tracking stations involved in the occultation experiment
had phase-locked receivers which provided information on signal power
and frequency in real time, In addition, the two Goldstone stations
were equipped with open loop receivers for analog recording of the
signal, Both types of receivers yielded valuable data during immersion,
However, only open loop recordings were obtained during emersion,
because none of the ground based phase-~locked receivers locked on to
the downlink signal in time to provide atmospheric data (Levy et al,
1966).

Figures 2 and 3 illustrate the analysis that has been conducted
on the amplitude of the downlink signals., The amplitude and relative
time scales of computed straight-edge Fresnel diffraction patterns
were adjusted until a least-squares fit was obtained to the amplitude
data, The best-fit diffraction pattern obtained in this manner has a
reduced amplitude and is stretched out in time, The amplitude reduction
is caused by defocussing (differential atmospheric refraction), The

stretch of the Fresnel diffraction pattern is also related to the

differential refraction (Fjeldbo and Eshleman, 1965).
The immersion data shown in Fig, 2 have been normalized with
respect to the amplitude measured before the spacecraft was occulted

by the Martian atmosphere. Thus, assuming that the system gain remained
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FIG. 3. AMPLITUDE VERSUS TIME DURING EMERSION. The downlink grazed the
Martian 1imb at 3% 25™ 9,45% + 0,15%; at this time, the atmosphere had
reduced the signal level by about 1,5 db and produced a Fresnel stretch
of 30%.

7 SEL-67-109




unchanged during the measurements, the reduction in signal intensity
(approximately 2 db) given by the least-squares fit curve in Fig. 2,
is attributable to the Martian atmosphere. (For comparison, we
computed the defocussing corresponding to the refractivity profile
determined from the phase measurements and obtained a value of 2.1 db
for grazing ray conditions. For the Fresnel stretch, the amplitude
data gave 20%, while calculations based on the refractivity profile
determined from the phase measurements gave 27%).

The amplitude data for emersion, shown in Fig. 3, have been
normalized with respect to the signal amplitude measured after the
spacecraft emerged from behind the Martian atmosphere. We have also
attempted to account for a change in the system gain associated with
the transition from one-way to two-way modes of operation. This
complication makes the measurements of the atmospheric defocussing
less precise for emersion than for immersion.

The signal-to-noise ratio was only about 10 db in a 10 cps band-
width during the occultation measurements., However, within the experi-
mental uncertainties, the results from atmospheric defocussing and
Fresnel stretch are in agreement with the refractivity profiles deduced
from the phase changes of the signal. Thus the amplitude data provide
an important check and verification of the phase data, but are less

precise for determining atmospheric parameters.
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The most important role of the amplitude analysis, however, is to
provide the precise times at which the downlink signal grazed the
Martian limbs. These times are used to determine the surface levels in
the analysis of the immersion and emersion phase data, and for deducing
planetary radii, Using the data both for immersion and emersion together
with the trajectory coordinates provided by the orbit determination group
of the Jet Propulsion Laboratory, we find a mean radius of about 3381 km
for the two occultation points. The radius at immersion appears to be
about 5 km greater than that at emersion, but the uncertainty in the
difference is comparable with this value.

Next, we will describe briefly how the refractivity profiies were
computed from the frequency perturbations measured with the radib link.
The total doppler shift is due both to changes in geometrical distance
between tracking stations on earth and the spacecraft (range rate doppler),
and to changes in the refractive index along the changing propagation
paths. The trajectory of the spacecraft is computed from doppler fre-
guency measurements taken throughout the flight, including the time
near encounter but excluding the time when the signals were perturbed
by the atmosphere of Mars. Subtracting computed range rate doppler
from measured doppler frequencies during encounter leaves residuals which
are primarily due to the Martian atmosphere (Kliore et al, 1965 ). Remain-
ing corrections for oscillator drift, the imperfect trajectory, and for
other changes of refractivity in the atmosphere of the earth and in the

interplanetary medium, are approximated by subtracting the very small,
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constant-frequency term needed to make the doppler residuals equal zero
at times near encounter. A final, even smaller correction is made after
the data are inverted, by setting the zero reference of refractivity above
the ionospheric or atmospheric region being studied.

From the trajectory coordinates and the doppler residuals (Af),
the angle of refraction (a) of the propagation path is computed as

a function of rs. For small bending, & is given by:

-1

dr
Q= -Afk(—df) (1)

where A 1is the free space wavelength and drs/dt is the radial
velocity of the spacecraft. The geometrical quantities involved are
illustrated in Fig. 1. The corresponding distance by which the propa-

gation path missed the center of Mars (p) is given by

T (2)

where rs and zS are the spacecraft coordinates defined in Fig. 1,
and D 1is the distance between the’spacecraft and the earth. Both

Eq. 1 and Eq. 2 are based on the assumption that the angle of refraction
(a) is small. The maximum bending imposed on the radio link by the

Martian atmosphere was about 0.2 milliradians.
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The transit time for the signal traveling from the spacecraft to
the earth was about 12 minutes during the occultation measurements.
At any one time, the coordinate system shown in Fig. 1 was chosen so
that the z-axis passed through the position which the earth-based re-
ceiver would occupy 12 minutes later. The origin of the coordinate
system was chosen at the Martian center of mass.

Let ¢ denote the atmospheric perturbations of the phase path

between Mariner and the earth. For immersion, ¢(t) is given by

t
p(t) = -.I. Af dt (eycles) (3)
t
1

where tl denotes a time prior to Mariner's occultation by the Martian
atmosphere. The minus sign implies that the doppler shift is negative

when ¢(t) is increasing with time. Similarly, we have for emersion:

2
B(t) = Jﬂ Af dt (cycles) (4)
t

where t2 denotes a time after the spacecraft to earth path cleared
the atmosphere of Mars during emersion.
The phase changes ¢ can conveniently be considered a super-

position of two effects; namely the change (¢1) introduced because

the refractivity differs from zero along that portion of the radio link
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which is passing through the atmosphere, plus the phase path increase
2 . . .
(a zs/ZA) associated with the bending of the propagation path. Thus,

we have

¢1 = ¢ - 2)\5 (5)

Equations 1 through 5 may be utilized to calculate ¢1 as a func-

tion of p. The function ¢1(p) is again related to the refractivity

N(r) by
-6 +00
10
¢1(p) = = B N(r) dz (6)
where
2 2
r = o) + Z

Equations (5) and (6) are based on the assumption that the refractive
bending is small and the propagation path has been approximated with a
straight line in the region where N(r) differs from zero. For a more
detailed description of the approximations utilized here, the reader is
referred to Appendix A,

There are several techniques that may be utilized to compute N(r)

from (o) (Fjeldbo, 1964). The method to be outlined here was chosen
1 ;
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because it does not require any pre-inversion filtering of the raw
doppler residual data. This approach may offer three advantages:

(1) the refractivity profiles are available in a form where the alti-
tude resolution is unaffected by any particular filter characteristics
(other than the 12 cps phase-locked-loop bandwidth); (2) post-inversion
filtering may require less computer time since it is unnecessary to
repeat the inversion computations if one wants to change the filter;
(3) the physical properties of the atmosphere are related more simply
to the parameters of a matched filter applied to N(h) than to the
doppler data.

Let K denote the number of data points.describing él(p). In
brief, Eq. 6 may be inverted by dividing the atmosphere into K 'spherical
layers each having constant refractivity. Starting with ¢1(p) for the
ray that is passing tangentially through the top layer, one computes the
refractivity of this layer by simply dividing 7\106 ¢1(p) by the corre-
sponding path length. The second ray from the top is passing through
two atmospheric layers. The effect the top layer has on ﬁl(p) for
this second ray can readily be subtracted. The remaining phase residual
is divided by the length of that portion of the ray which is enclosed
in the second layer. This calculation gives the refractivity of the
second layer. Repeating these calculations for the remaining rays yields
the entire refractivity profile. A more detailed description of this

procedure is given in Appendix B.
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Figure 4 shows some examples of the refractivity profiles that
were computed from the doppler residuals provided by Mariner IV, The
first five profiles were calculated from residuals obtained prior to
occultation. These curves were included to illustrate the noise and
bias levels; thus their altitude scales are only relative.

The last profile in Fig. 4 shows the Martian atmosphere probed
during entry into occultation. The upper portion of this profile
represents the ionosphere where the refractivity is negative and propor-
tional to the electron number density. 1In the lower atmosphere, the
refractivity is positive and linearly related to the number density of
each constituent. It is expected that the negative ionospheric refrac-
tivity is inversely proportional in magnitude to the square of the radio
frequency, while the positive atmospheric refractivity is essentially
independent of the frequency.

All the profiles in Fig. 4 were obtained with the same data-
processing techniques. In each case, the zero-reference level for the
refractivity was set by subtracting any doppler bias that might remain
after the gross effects of the trajectory are removed. This doppler
bias was determined by taking the mean of the doppler residuals obtained
in a one minute period jﬁst prior to the start of the profile. Thus
all constant doppler bias that may have been produced by the radio sys-
tem, the earth's atmosphere, the interplanetary medium, or by errors

in the trajectory, has been removed.
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In the analysis of the two-way doppler, it was necessary to take
into account that the uplink and the downlink did not follow precisely
the same path through the Martian atmosphere. This effect was caused
by changes in the direction to the earth as observed in an areocentric
coordinate system fixed with respect to the stars. During the 24 minutes
round—-trip propagation time, the earth moved on the order of 0.1 milli-
radians causing the downlink to lag the uplink in sweeping through the
Martian atmosphere. The altitude difference between the two propagation
paths was on the order of two kilometers at Mars.

The complication introduced by having two different paths was
handled by dividing the two-way doppler residuals by two and considering
the propagation as one-way along a mean path located between the uplink
and downlink. This approach is applicable in the atmospheric regions
where the refractivity scale height is large compared to the altitude
separation of the two radio links.

The residuals employed in calculating the profiles in Fig. 4 were
obtained from the doppler measurements made with the phase-locked receiver
system at Station 11. In this system, the phase of the radio signal was
determined by cumulatively counting positive=-going zero crossings. Once
every second, the change in the zero crossing count was recorded to pro-
vide a measure of doppler frequency. The quantization errors were re-
duced by multiplying the doppler frequency by a factor of 8 prior to

the counting (Levy et al, 1966),
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Most of the noise on the refractivity profiles of Fig. 4 is due to
the doppler quantization errors. The period or height interval of this
refractivity noise is determined by the speed with which the radio link
swept through the atmosphere, and is about 4 km in the upper atmosphere
and about 3 km near the surface.

Figure 5 shows the immersion and emersion profiles obtained by
inverting the doppler data from Station 12. The immersion measurements
were made in the southern part of Electris near 50°S, 177°E, at about
1300 hours local time in late winter. The azimuth angle of the propa-
gation path was about 115° measured from north towards east. Emersion
occurred in the vicinity of the northern edge of Mare Acidalium near
60°N, 36°W, at about 2340 hours local time in late summer., The azimuth
angle of the grazing radio link was 65°. The most apparent difference
between the two profiles is that there was no detectable ionosphere on
the night side of the planet.

The atmospheric refractivity is the basic quantity measured with
the radio occultation experiment. In order to interpret these measure-
ments in terms of number density, temperature and pressure profiles,
it is necessary to know the constituents. This problem is discussed in

the next sections.
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3. THE LOWER ATMOSPHERE OF MARS

Occultation measurements at a single radio frequency can not in gen-
eral discriminate between free electrons and neutral constituents (Fjeldbo
et al, 1965; Harrington et al, 1967). There are two ways in which the
effects of ionized and neutral constituents might interfere. Electrons
in the lower atmosphere would contribute directly to the refractivity
profile for this region, and an jionosphere at greater height could
affect the derived profile for the lower atmosphere if the ionosphere
depafts sensibly from spherical symmetry in the region probed by the
radio waves., However, the shapes of the profiles in Figures 4 and 5
have led us to believe that free electrons contribute negligibly to
the refractivity measured in the lowér atmosphere, For example, the
dayside profile does not show any region with negative refractivity
below 80-km altitude, and no ionosphere was detected on the nightside
of the planet, In addition, the possible effect of the lack of
spherical symmetry in the ionosphere appears small since the profiles
show ..ear-zero refractivity in the 50-80 km height region between the
positive and negative refractivity regions.

The conclusion regarding the probable absence of plasma effects in
the lower atmosphere is strengthened by a comparison with the condi-
tions prevailing in our own atmosphere., Assuming that the free
electron number densities in the lower atmosphere of Mars are
comparable with those measured at the same neutral density levels

in the terrestrial atmosphere, one can show that the refractivity
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of the electrons is much smaller than that of the neutral gas, Thus,
based on the evidence at hand, it seems plausible that free electrons
have a negligible effect on the refractivity in the lower atmosphere
of Mars.

Figures 6 and 7 show the refractivity measured in the lower
atmosphere probed during immersion into occultation, The profile was
obtained by averaging the refractivity measured at stations 11, 12,
and 42. A slight positive refractivity bias in the 50 to 80-km height
range (See Fig, 4) probably due either to random drifts of the
frequency standards or to a very slight departure from spherical
symmetry in the ionosphere, was subtracted in order to improve the
zero reference,

A statistical analysis was made of the effect that changes in the
refractivity bias may have had on the refractivity measurements in
the lower atmosphere, 1In this analysis, we utilized refractivity
profiles determined from doppler residuals obtained prior to
occultation, (Cfr, Figure 4). These profiles were divided into
layers of 40-km thickness (approximately the thickness of the
detectable part of the lower atmosphere) and the refractivity bias
was computed within each layer, The bias changed in a random manner
from one layer to the next, However, the standard deviation in this
change in the bias was only on the order of 0.01 refractivity units,
which is about a third of one percent of the refractivity measured

near the surface.
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The last immersion doppler residual free of diffraction effects was
measured when the mean radio paih was approximately one km above the sur-
face. Exponential exptrapolation of the refractivity measurements down
to the occultation point yields a surface refractivity of 3.7. The scale
height of the refractivity profile measured during immersion is remarkably
constant, A least-squares fit of the profile in Fig. 7 to an exponential
function gives a scale height of 8 km. The standard deviation of the fit
is 0.04 refractivity units which may be considered the formal error in
the refractivity.

It is necessary to know the composition of the atmosphere before
one can utilize the refractivity to determine the number density with
precision, Fortunatgly, it appears that constituents are sufficiently
well known to derive pressure, temperature, and density profiles with
remarkably good precision, Ground-based infrared spectroscopic studies

show that CO2 may be the major constituent on Mars. They give a

partial carbon dioxide pressure of 5 * 2 mb (Belton and Hunten, 1966,
Spinrad, et al 1966). The spectroscopic studies also yield the
abundance of water vapor and upper limits for the abundance of

and a number of other gases (Rea, 1965)

0,, 0., CO, CH,, NHj, N,0, NO

2’ 73’ 3" "2 2
showing that none of these can contribute in a measurable way to the
refractivity of the lower atmosphere of Mars. The most likely
remaining candidates appear to be N2 and A, Spectroscopic
detection of these gases must be made in the ultraviolet and thus

from outside the terrestrial atmosphere,

As an example of how to compute the number density from the
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measured refractivity, let us assume that COZ’ N and A are

2’
the only constituents in the lower atmosphere of Mars. The refracti-

vity (N) of a mixture of these non-polar molecules is given by:

n
17 co -17 ™n

N = |1.84 x10° 2 +1.10 x 10 2+1.03x10 " "aln_ (7)
Tt Dy Dy
h .
where nCOZ, nNZ, and nA denote the number density of COZ’ N2,

and A, respectively, The total number density of the gas is
denoted .. The numerical coefficients in Eq. (7) have been deter-

mined from experimental data published by Essen and Froome (1951).

When the relative abundance of CO_, N

9 o7 and A are specified,

one can utilize Eq. (7) to determine the total atmospheric number
density (nt). Two examples are shown in Fig. 7 where the two scales
on the top of the graph give the number density for the case of 100%

CO, and for the case of 80% CO, and 204 N,. The refractivity of

N and A are roughly the same; thus, it does not make much difference

2

on the total number density whether the atmosphere contains 20% N2 or
mixture of N2 and A comprising 20% of the atmosphere.

Figures 8 and 9 show the corresponding refractivity and number
density profile observed during emersion, This profile is ambiguous
because one does not know exactly at what frequency the spacecraft was

transmitting during the first 7.5 seconds of one-way measurements,

Profile I was obtained by inverting the atmospheric doppler residual
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FIG. 9. REFRACTIVITY AND NUMBER DENSITY VERSUS ALTITUDE IN THE LOWER
ATMOSPHERE PROBED DURING EMERSION,
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data in the form published previously, (Levy et al, 1966, Fig. 28).
Profile II was determined by inverting the same data but increasing
the one way atmospheric doppler by 0.5 cps relative to the two way
doppler., 1In other words, Profile II assumes that the frequency trans-
mitted from the spacecraft during the first 7.5 seconds of emersion
measurements was 0.5 c¢ps lower than for Profile I. No unique solution
exists below 10 km altitude and the two profiles shown in Fig, 8 and
9 result from an attempt to match doppler residuals across the dis-
continuity (Profile I) and to match refractivity across the discon-
tinuity (Profile II).

The two

T

rofiles shown in Fig. 8 and 2 have a dip in the
refractivity near 10 km altitude where the radio transponder changed
from one-way to two-way mode of operation, A digital spectrum analysis
of the downlink signal shows that the radio spectrum was somewhat broad-
ened just prior to the change to two-way measurements, We believe this
frequency broadening and the associated dip in the refractivity profile
was produced by changes in the radio transponder system rather than by the
the Martian atmosphere.

The refractivity measurements can also be utilized to study the

thermal structure of the atmosphere., For an atmosphere in hydrostatic

equilibrium, one can show that:

dp + n (h)m(h)g(h) dh =0 (8)
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where

p(h) = pressure at altitude h

dp

1]

p(h + dh) - p(h)

nt(h)z total number density

m (h) = mean molecular mass

2
g(h) = acceleration of gravity (g(0) = 3.75 m/sec )
dh = differential change in altitude.

The pressure in an ideal gas is given by

p(h) = kn (b) T(h) (9)
where

k = Boltzmannts constant

T(h) = temperature,

Eliminating p(h) from Egqs. (8) and (9), and solving for

T(h) yields .

T(h) = T(h ye(hy) 1 § )
© n_(h) kn_(n g(h)f(n) n (n) dn (10)
h

where ho is the altitude at which the boundary value T(ho) is

chosen,
In a well-mixed atmosphere, nt(h) is proportional to N(h) and

m(h) is independent of altitude. This simplification yields:
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T(h) = T(h) N::E) + kth S g(h) N(h) dn (11)
h

Figure 10 shows the results of employing this formula to compute
temperature profiles for the atmospheric region probed during immersion.
The calculations were performed by choosing five different boundary
values at 30 km altitude and integrating downward towards the surface,

The value of the first term on the right-hand side of Eq. (11)
depends upon the choice of boundary temperature T(ho)’ and is also
affected by refractivity noise. Fortunately, however, the effect of
this first term decreases rapidly with decreasing altitude since it
is inversely proportional to N(h). Thus, the uncertainty in the
product T(ho) N(ho) does not have a large effect on T(h) at
altitudes well below the boundary level (see Fig, 10).

Uncertainties in the refractivity bias also affect the temperature
profiles, Changing the entire refractivity profile in the lower
atmosphere by an amount equal to the standard deviation in the bias
(+ 0.01 refractivity units) yields a + 2 °k change in the tempera-
ture near the surface (assuming 100% 002). The corresponding change
in the surface pressure is approximately + 2%.

The upper and lower temperature scales in Fig, 10 are for a mean
molecular mass of 40,8 and 44.0, respectively., Assuming that CO

2

and N2 are the only constituents, the two scales correspond to a pure

Co, atmosphere and to a mixture of 80% CO, and 20% N,
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FIG. 10. TEMPERATURE PROFILES FOR THE LOWER ATMOSPHERE PROBED DURING
IMMERSION. The temperature to mean molecular mass ratio is indepen-
dent of the assumed composition,
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By increasing the nitrogen abundance, one reduces the mean molecular
mass which again reduces the temperature computed from Eq. 11.

In order to have a stable atmosphere near the surface, it is
necessary for the temperature to be equal to or greater than the
saturation temperature for CO2 vapor, This constraint provides an

upper limit of about 20% for the N2 abundance in the lower atmosphere

over Electris,

The emersion results are shown in Figure 11, The two sets of
profiles denoted I and II were obtained from the corresponding number
density profiles shown in Fig. 8 and 9, The five boundary tempera- .
tures were chosen near 33 km altitude,

The temperature peak near 10 km altitude in Fig. 11 is produced
by the dip in the refractivity profile associated with the change from
one-way to two-way mode of operation, Thus, the peak in the computed
temperature profile was probably produced by changes in the radio system
rather than by a hot layer in the Martian atmosphere.

The temperature profiles obtained from the immersion and emersion
measurements show that the Martian summer night at 600 N was con-
siderably warmer than the winter day at 500 S latitude, The results
suggest, furthermore, that the temperature lapse rate may be decreasing
with increasing solar latitude., These effects are also observed in
the terrestrial atmosphere and they are confirmed by theoretical model
studies of the Martian atmosphere (Leovy, 1966; Leovy and Mintz, 1966;

Ohring and Mariano, 1967).
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Utilizing Eq, (9), one can determine the pressure profiles
corresponding to the various temperature and number density profiles,
The results are shown in Figure 12. The pressure for emersion is
seen to be substantially higher than for immersion, The pressurej
difference correspon@s to a gravitational equipotential altitude
difference on the order of 6 to 9 km between the two occultation
points. (It is also possible that local high and low pressure regions
may have contributed to the observed differences)

The radius (measured from the Martian center of mass) may also
have differed at the two occultation points., Kliore et al (1966)
reported that the radius at the immersion point (in the bright area
Electris) was from -2 to +12 km larger than at the emersion point

(near the northern border of Mare Acidalium), Our own calculations

yield similar values.+

+ Pettengill has recently utilized variations in the time of arrival
of the leading edge of pulsed monostatic rgdar echoes to study topo-
graphic elevation differences near the 21 north latitude circle on
Mars (Pettengill 1967). He found altitude variations as large as 11
km at this latitude. (Individual altitude measurements represent an
average over about a 200 km diameter circle on Mars, so that peak
variations are no doubt greater). Pettengill's data also indicate
that the dark maria tend to be located at lower elevations than the
bright areas. The findings of the radio occultation experiment seem
to agree with this order of magnitude for the altitude difference and
the correspondence of altitude with surface markings.
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The differences between the temperatures, pressures, and radii
measured at the two occultation points are, of course, very interesting,
However, it would be much more useful for detailed study and under-
standing to have many more than just two sets of atmospheric profiles,
This need for repeated measurements at many difference locations, times
and seasons points to the use of planetary orbiters in future

experiments of this type.
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4, THE UPPER ATMOSPHERE OF MARS

From the magnetoionic theory, one can show that, for the condi-
tions of this experiment, the refractivity N of free electrons is

given by:

6 ne
N = -40.3 x 10 — (12)
f
where ne is the electron number density (m_s) and f 1is the radio
frequency (hertz). By employing this formula, one can convert the
refractivity measurements in the upper atmosphere over Electris into
electron number densities, The resulting electron number density
profile is shown in Fig. 13.
Assuming that the ionospheric topside is in ambipolar diffusive
equilibrium, one can show that the plasma temperature Tp in this

region is given by:

N(h ) m, h,
Tp(h) = Tp(ho) . N(h§ + 2k;(h) £ g(h) N(h) dh (13)

where m, denotes the mass of the principal ion, The other symbols
involved were defined in Sec. 3 (cf. Eq. 11).

Figure 14 shows the plasma temperature profiles obtained by
integrating Eq., (13) downward from 220 km altitude. The ion mass
was assumed to be constant and independent of altitude in these

calculations,
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We do not know what the principal ion is on the topside of the
Martian ionosphere, Possible candidates include C02+’ 0+, and a
number of ions of intermediate mass, In order to illustrate the
effect of this uncertainty, Fig, 1L has been provided with three
different temperature scales corresponding to an ion mass of 44
(coz+), 32 (02+), and 16 (07).

Refractivity bias between 280 and 380 km altitude was calculated
and subtracted from the rest of the profile before the plasma temper-
ature was determined, In order to establish how the uncertainties
in the bias affect the results, we analyzed the refractivity profiles
determined from doppler data obtained prior to occultation, These
profiles were divided into layers of 80 km thickness (approximately
the depth of the ionospheric topside) and the average refractivity
was computed for each layer, The standard deviation of the differ-
ence between the average refractivities of layers separated in
altitude by 80 km was found to be about 0.01 refractivity units
(1.3 x 103 elec/cmB). A change in the entire.topside refractivity
profile of +0.01 resulted in a *4% change in the plasma temperature
near 130 km altitude,

The temperature profiles shown in Fig. 14 are based on the
assumption that the ionospheric topside is in ambipolar diffusive
equilibrium, We have also made calculations for the case of a
Chapman layer in photoionization equilibrium, Assuming that the
ionization cross section and the electron recombination coefficient

are independent of altitude, these calculations yield temperature
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profiles similar to those shown in Fig, 14 except that the tempera-
tures near the ionization peak are lower,

The interpretation of the immersion measurements has led to
three different types of models for the atmosphere of Mars. By
analogy with the ionization regions formed in the terrestrial atmos-
F

phere, one can denote these three classes of models: F and E,

2’ 1’

The F2 (or Bradbury) models are based on the assumption that
the observed ionization peak was produced by a rapid decrease of
the ion recombination loss coefficient with increasing altitude,
combined with downward plasma diffusion, In these models, the
ionization peak is formed above the region where most of the ion
production and recombination takes place, The F1 and E (or Chapman)
models rest on the assumption that the observed ionization peak
coincides with the ion production peak caused by extreme solar
ultraviolet and X-rays, respectively,.

The full-drawn curves in Figs, 15 and 16 show the number density
and temperature profiles of one of the F modéls that have been

2

proposed for the Martian atmosphere, In this model, CO2 is dis-
sociated into CO and O by solar ultraviolet, It is assumed that
diffusive equilibrium prevails above the dissociation region and
that atomic oxygen predominates in the upper atmosphere,

The atomic oxygen density at the ionization peak (109 cm_s)

was estimated by equating the photoionization rate and the rate

of downward plasma diffusion, The carbon dioxide density at this
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altitude (106 cm—a) was determined by equating the rates of diffu-
sion and electron recombination loss, The limiting ion loss process
at the ionization peak is assumed to be O+ + CO2 - 02+ + CO with
a rate coefficient of 10 > em> /sec (Fehsenfeld et al, 1966). A more
detailed description of this Fz model has been given by Fjeldbo et al
(1966). Another F2 model has been offered by Johnson (1965).

The main difficulty with the proposed F2 models is the low
atmospheric temperatures that they require, If O+ were the principal
ion on the topside of the Martian ionosphere, the plasma temperature
would only be about 100° K (cf, Fig. 14) in this region of the atmos-
phere and the temperature of the neutral gas would probably have to
be even lower,

A number of investigators have worked on thermal model studies
of the Martian upper atmosphere (Chamberlain and McElroy, 1966;
Fjeldbo et al, 1966; Gross et al, 1966; Smith and Beutler, 1966).
These theoretical estimates yield higher temperatures than 100° K
on the ionospheric topside--which indicates that the principal ion
in this region is heavier than 0% (cf. Fig. 14). One should keep
in mind, however, that these temperature estimates are subject to
considerable uncertainty due to simplifying assumptions, the omission
of possibly important processes, and poorly-known parameters (Johnson,
1966; Fjeldbo and Eshleman, 1967)., Thus, it appears difficult to

draw definite conclusions based on these model studies,
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If the Martian upper atmosphere is composed mainly of molecular
constituents such as COZ’ CO, or 02, the ionization peak may coincide
with the ion production peak caused by extreme solar ultraviolet
(Donahue, 1966; Fjeldbo et al, 1966), The dashed curves in Figs, 15
and 16 show an example of such a model, It is based on the assumption
that CO2 is the major constituent both in the upper and the lower
atmosphere of Mars, In this model, the ionization peak occurs at a
neutral density of about 1010 molecules/cms, where the slant optical
depth in the extreme ultraviolet is unity,

An E model for the Martian atmosphere has been offered by
Chamberlain and McElroy (1966). 1In their model the ionization peak
observed with Mariner IV occurs at a neutral density of 5 x 1012
molecules/cm3.

Figures 15 and 16 show an example of an E model, It has the
same total number density at 120-km altitude as proposed by Chamberlain
and McElroy but the temperature profile and tbe compositionw have
been altered in order to obtain a model that is compatible with the
refractivity measurements made in the lower atmosphere over Electris,

The straight~line (E model) temperature profile shown between
30 and 120 km altitude in Fig. 16 is not based on any thermal study
of this region of the atmosphere, It simply represents an extrapola-

tion of the measurements made below 30 km altitude, The temperature

@ The composition was changed from 44% COy and 56% Ny to 80% CO,
and 20% Ng in order to avoid supersaturation of carbon dioxide vapor
near the surface (cf. Sec. III and Fig. 10).
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gradient above 30 km altitude was determined by requiring a number
density of 5 x 1012 molecules/cm3 at 120 km altitude,

One difficulty with the E model illustrated in Figs. 15 and
16 is that it requires higher temperatures between the density
levels 5 x 1012 cm—3 and 1015 cm_3 than suggested by the theoreti-
cal temperature computations (Prabhakara and Hogan, 1965; Chamberlain
and McElroy, 1966; Smith and Beutler, 1966; Fjeldbo and Eshleman,
1967). Other problems arise when one attempts to explain the absence
of an F, layer above 120 km altitude (Fjeldbo et al, 1966).

The three classes of atmospheric models that have been reviewed
here yield atmospheric number densities that differ by almost four
orders of magnitude at 120 km altitude, It may not be possible to
resolve this uncertainty before other independent evidence becomes
available, Ultraviolet detection of ionospheric constituents might
be particularly valuable, It might also be worthwhile to improve
the radio occultation measurements, One could, for example, increase
the sensitivity of the electron number density measurements by
employing one or more lower frequencies (in addition to the tracking
and telemetry signal)., Absorption measurements at these lower fre-
quencies would, moreover, enable us to estimate the vertical electron
collision frequency profile in the lower ionosphere of Mars (Fjeldbo
et al, 1965), The collision frequency is again related to the

temperature and density of the neutral gas--quantities of particular

interest in the current debate on atmospheric models,
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5. CONCLUSIONS

Our principal aim here was to present the results of the best
analysis we could make of the basic data, with a minimum number of
assumptions and interpretations. For example, the refractivity pro-
files for the lower atmosphere, and the electron number density profile
for the upper atmosphere, were obtained by inversion of the measured
phase data without smoothing to remove either radio or digitizing noise,.
The main difficulty here was in coping with the effects of our less
than perfect knowledge of the spacecraft trajectory. The manner in
which this problem was handled is explained in some detail.

From the refractivity profiles the molecular number density pro-~
files follow if the constituents are assumed. Fortunately, there is
very little latitude here, since the atmosphere appears to consist
primarily of COz. The two models considered--one of 100% 002 and
the other 80% CO2 with 20% Nz--are thought to lead to reasonable
limits to the probable uncertainties in number density, temperature,
and pressure profiles due to unknown constituents. These two models
differ by only 9% in molecular number density. The lower atmospheric
profiles representing temperature divided by mean molecular mass were
derived from the refractivity profiles, assuming only mixed, non-polar
molecules in hydrostatic equilibrium. Different boundary conditions
near 30 km altitude were used to start integrating downward to find
the temperature over mass profiles, and it is apparent that the profiles
below ab;ut 20 kilometers are remarkably independent of the boundary

condition, Ambipolar diffusive or photoionization equilibrium conditions
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were assumed in deriving, in a similar manner, profiles which represent
the plasma temperature divided by mean ionic mass for the upper atmo-
sphere, Pressure profiles were derived for the lower atmosphere from the
number density and temperature profiles. The two models considered have
only a 1% pressure difference due to different constituents., A large
pressure difference was found between immersion and emersion, and this

is attributed primarily to a difference in altitude of the occulting

features.
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APPENDIX A

Raypath Approximations

The purpose of this appendix is to verify some of the approximations
utilized in Section 2. The geometry is illustrated in Fig. 17 where
s denotes the raypath between the earth and the spacecraft and ;l

and Zz denote the length of the corresponding raypath asymptotes.

The phase path increase (¢) produced by the planetary atmosphere is

given by
0 cos(d -8) + 4. cos(a+d-3 )
¢ = % [1+10° N(p)] ds - = = = 2 =
along
ray
path (cycles)

(A1)

where El cos(és-ﬁ) + ﬂz cos(a+6—68) is the distance between the tracking
station and the spacecraft, and A 1is the free space wavelength. The
atmospheric refractivity N(r) is assumed to be a function only of the

distance to the center of the planet (r).

Utilizing Bouger's rule [Born and Wolf, (1959)], we have

a=pl1+10°N()] (A2)

where p and a are the radii of closest approach for the raypath
and its asymptotes, respectively. Employing Eq. (AZ), one can show

that
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FIG. 17. RAY PATH GEOMETRY. Mars was at a distance of 216 million
kilometers from the earth during the measurements,
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r cos (Q+d) - z sin(0+5)

= (A3
g 1+ 10° N(p) )

and that

z ing+5
4. = s + P <2 ) 1+ 108 N(p)) (a4)

2~ cos(a+d) cos (0+d) cos<%)

where rs and zS are the spacecraft coordinates.

Equations (Al) through (A4) are general formulations that apply to
any ray passing through a spherically symmetric medium, These equations
can be simplified considerably when applied to propagation in the Martian
atmosphere. For example, one can omit the term 10_6 N(p) in the ex-
pression for ¢ because the maximum value of this term is only about
4 x 10—6. The maximum errors introduced in p by this approximation
is of the order of 10 meters which is only about 0.1% of the atmospheric
scale height.

Similarly, one can simplify the terms involving (a+6), because
the magnitude of this angle did not exceed 0.0002 radians, Terms of
second and higher order in (a+5) contributed less than 10 meters to

the value of . Thus, we have:

p =T, zs(a+6) (A5)
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where O 1is given to first order by O = rS/D. We have, therefore,
verified Eq. (2) of Section 2,

Similarly, one can simplify Eq. (A1)

) 4
1 2 2 2
p=p, + = (65—6) + 5 (ae+8-5 ) (a6)
where
- Lo+ 4,
g, = 1 J [1 + 10_6 N(p)] ds -2 (A7)
17 A A
along
ray
path

For small banding, Eq. (6) and (A7) are equivalent. Terms containing

(5—55) can be neglected in Eq. (46). This simplification yields

Utilizing Eq. (A4), one can show that it makes negligible difference

in the phase path ¢ when 22 is replaced by zs. Thus, we have

p =9 + — (a9)

which is the same as Eq. (5) of Section 2,
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APPENDIX B

A Procedure for Calculation of N(r) from ¢l(p)

In this appendix, we discuss in greater detail how to invert
Eq. (6) to obtain N(r). The procedure to be outlined here is based
on the assumption that the atmosphere is spherically symmetric. When
applied to a real atmosphere, this procedure yields a '"mean refractivit:
profile'" where the horizontal gradients have been averaged out.

The geometry is illustrated in Fig. 18 where K rays are passing
through an atmosphere consisting of K spherical layers. Each atmo-
spheric layer has constant refractivity and constant thickness.

It is here convenient to replace Eq. (6) of Section II by a system

of K 1linear equations of the form:

m-1
7\106 ¢1(m) = N(m)az(m,m) + 2 :E: N(n)Az(m,n) (B1)

n=1

th .
where ¢1(m) denotes ¢1 for the m ray and N(n) is the refrac-
tivity in the nth layer. The matrix element Az(m,n) designates
th . . . ) th
the length of that portion of the m ray which lies within the n

layer, as illustrated in Fig. 18,

The procedure described here can also be utilized to invert ¢1(p>
when there are horizontal refractivity gradients in the atmosphere.
However, the magnitude of the horizontal gradients must be assumed
before one can compute the vertical gradients [Fjeldbo, 1964 !.
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- N

Az(m.n)

PLANETARY —
SURFACE

THE m'"™ RAY

FIG. 18, CROSS SECTION OF ATMOSPHERE CONSISTING OF K SPHERICAL
LAYERS.
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The two dimensicnal matrix Az is

atmospheric layers by:

related to the radii of the

fo) +
2 m
Az(m,n) = |p. - (—————————

for m>n and

Solving Eq. (Bl) with respect to

N(1) = A10° ¢1(1)/Az(1,
N(2) = AL0® pl(z) -2
N(m) = [n10° p (m) - 2
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N yields

1)

1
ES N(n)az(2,n)|/az (2,2)

n=1

m-1
25 N(n) 2z(m,n)|/ Az(m,m)

n=1

\B2)

(B3)

(B4)



which provides us with a recursive formulation relating N explicitly
to ¢1.

The inversion procedure described in this report is based on the
assumption that the refraction is small. This approach does not apply
to Venus and the Jovian planets whose atmospheres are several orders
of magnitude denser than that of Mars. A more general procedure has
been developed for handling these cases and it will be employed in

the analysis of the Mariner V - Venus (1967) data.
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